ABSTRACT. Colloidosomes provide a possibility to encapsulate oily substances in water in the form of core-in-shell structures. In this study, we produced microcapsules with shell from colloidal particles, where the interparticle openings are blocked by mixed layers from polymer and surfactant that prevent the leakage of cargo molecules. In other words, the particles and polymer play the role of bricks and mortar. For this goal, we used hydrophilic silica particles, which were partially hydrophobized by the adsorption of potassium oleate to enable them to stabilize Pickering emulsions. Various polymers were tested to select the most appropriate one. The procedure of encapsulation is simple and includes single homogenization by ultrasound. The produced capsules are pH responsive. They are stable in aqueous phase of pH in the range 3 -6, but at pH > 6 they are destabilized and their cargo is released. With the optimized formulation of silica particles, polymer, oleate and NaCl, we were able to encapsulate various oils and fragrances, such as tetradecane, limonene, benzyl salicylate and citronellol. All of them have a limited and not too high solubility in water. In contrast, no stable microcapsules were obtained with oils that either have zero water solubility (mineral and silicone oil) or higher water solubility (phenoxyethanol and benzyl alcohol). By analysis of results from additional interfacial-tension and thin-film experiments, we concluded that a key factor for obtaining stable capsules is the irreversible adsorption of the polymer at the oil/water interface. The hydrophobization of the particles by surfactant adsorption (instead of silanization) plays an important role for the pH responsiveness of the produced capsules. The obtained information about the role of various factors for the stabilization of microcapsules, which are based on the brick-and-mortar concept, can be further used to achieve better stability; selection of polymers that are appropriate for different classes of oils, as well as for the production of smaller capsules stabilized by nanoparticles.
polyelectrolyte shells (composed of layers from anionic and cationic polymers) obtained by the LbL technique.
With respect to the mechanisms of cargo release, one could distinguish passive release and controlled release. The passive release happens by diffusion through the capsule and/or by its degradation (bioerosion). In the case of controlled release, several stimuli-responsive release mechanisms exist in relation to the character of the external triggers: (i) changes in pH;
(ii) changes in temperature; (iii) changes in redox potential; (iv) action of enzymes; (v) action of magnetic field, and (vi) light irradiation; for details, see Ref. [1] .
Despite the great advance in the field of design and development of colloidal carriers for biotechnology, nanomedicine, cosmetics and food industry, there is a vast field for further developments in view of the great choice of materials and stabilizing agents for formulation; methods for preparation, and ways for release control.
As already mentioned, the encapsulation of an oily phase by colloidosomes can be achieved by production of particle-stabilized Pickering emulsion [26] . A conventional colloidosome releases its cargo (e.g. fragrance) by a slow dissolution through the openings between the particles in the colloidal shell, i.e. by passive release. It is not easy to achieve controlled release by destruction of the Pickering emulsion, because such emulsions are rather stable [46, 47] . The production of composite microcapsules formed from solid particles and polymers typically contain an emulsion-polymerization step including crosslinking by chemical bonds [48, 49] .
Our aim in the present study is to demonstrate that stable composite capsules from particles and polymers can be formed under the action of weaker physical (colloidal) forces, without any polymerization step. pH-responsive colloidosome-based composite microcapsules are developed, which are loaded by oils, including fragrances. In the case of conventional colloidosomes, there can be passive cargo release through the interparticle openings. To prevent such uncontrollable leakage, we blocked the openings between the particles in the colloidal shell by a mixed adsorption layer of polymer and surfactant, which resembles a brick-and-mortar structure. The role of surfactant is to provide reversible hydrophobization of the used silica particles. The role of the particles (the bricks) is related to their irreversible attachment to the surface of the oil drops, thus, creating a colloidal shell -a basic element of the capsule. Inorganic electrolyte was also used to suppress electrostatic barriers that hinder the particle entry at the oil/water interface. The factors that have been varied in our experiments to improve the capsule stability are the type and concentration of electrolyte; surfactant, and polymer. After selecting the optimal composition, the type of oil was varied as well. In the cargo-release experiments, the pH and temperature were varied.
Upon self-storage, the obtained microcapsules (in aqueous medium) are stable for at least 8 months -the period of our observations. However, upon raising the pH above 6, these capsules are quickly destroyed and release their cargo.
In Section 2, the used materials and methods are described. In Section 3, we report our results on encapsulation of various oils by optimizing the composition of the used aqueous suspension. In Section 4, we present the results from additional experiments with thin emulsion films, indicating the experimental conditions for which the polymer adsorbs on the oil-water interface; whether the surfactant could displace the polymer from the interface, and whether there are pronounced surfactant-polymer interactions. Based on these results, in Section 5 we discuss the roles of the main factors that govern the formation of stable or unstable microcapsules.
Materials and methods

Materials
The used SiO 2 particles Excelica UF320 were product of Tokuyama Corp. (Japan).
They are high-purity synthetic spherical fused silica beads produced from silicon tetrachloride in a gas phase reaction. The particles are hydrophilic of density of 2.2 g/cm 3 and have been The organic liquids that were subject to encapsulation were limonene (product of Sigma Aldrich); benzyl salicylate (Sigma Aldrich); lilial (ABCR GmbH&Co. KG); citronellol (Sigma Aldrich); tetradecane (Sigma Aldrich); sunflower seed oil (SFO, from a local supplier); oleic acid (TCI); light mineral oil (LMO, Sigma Aldrich); silicone oil AK 10 of kinematic viscosity 10 cSt (Wacker); benzyl alcohol (Fisher); phenoxyethanol and linalool (products of Sigma Aldrich).
The LMO and tetradecane are representatives of the mineral oils; SFO and AK 10 are representatives of the vegetable and silicone oils, respectively. The oleic acid represents the liquid fatty acids. Limonene, lilial, linalool, citronellol and benzyl salicylate are fragrances used in personal care (cosmetic) products. Benzyl alcohol and phenoxyethanol are also used in personal care products, but as bacteriostatic preservatives.
The typical sunflower seed oil (SFO) is composed of triglycerides derived from the following main fatty acids: 52 wt% linoleic acid (polyunsaturated omega-6); 34% oleic acid (monounsaturated omega-9), and 12 wt% palmitic acid (saturated) [51] . The SFO was purified from other admixtures by passing through a column filled with Silica Gel and Florisil adsorbent. The measured value of the interfacial tension against pure water was 31 mN/m, a typical value for pure SFO [52] , and it did not decrease by more than 0.2 mN/m within 60 min. The other oils were used without any further purification. For better visualization, we dissolved 0.12 wt% of the dye Sudan III (Sigma Aldrich) in the oily phase. Thus, the oil drops acquire a reddish color and were better visible.
The used inorganic salts were sodium chloride (NaCl, product of Sigma Aldrich), Table A1 of the   Appendix we give the viscosity ranges of Carbopol solutions (as provided by the producer) and the zeta potentials of Carbopol aggregates in water (measured by us). From the data in Table A1 , it follows that Carbopol 971P NF is the polymer of the lowest molecular mass and the lowest degree of crosslinking among the used Carbopols.
In some experiments we used also the surfactants polyoxyethylenesorbitan monolaurate (Tween 20, Sigma Aldrich), sodium laurylethersulfate with one ethylene oxide group (SLES-1EO) product of Stepan Co., and sulfonated methyl ester with lauryl chain (C12-SME) product of KLK-Oleomas (Malaysia). At sufficiently high concentrations, these detergents (of alkyl chainlength C12) are expected to be able to destroy the capsules and to release the cargo.
All aqueous solutions were prepared with deionized water (Elix purification system, Milipore). In some test experiments, the pH was decreased to 3 -3.5 by adding HCl, or increased to 10 -10.5 by adding NaOH. In other experiments, we added blue dye (BD, Brilliant Blue FCF) or methylene blue (MB), both of them products of Sigma Aldrich, to the aqueous phase to distinguish it better from the reddish oily phase. All experiments were carried out at a room temperature of 25 ºC.
Methods
Preparation of dispersions. The procedure for production of stable microcapsules, which was established by trials and errors, is the following (Fig. 1) . First, we placed the silica particles in the working vial. Next, aqueous solution of carboxylate (KOleate in most experiments) was added and the vial was gently shaken by hand to disperse the particles. The carboxylate concentration (1 -3 mM) was high enough to ensure a moderate particle hydrophobization. (At higher surfactant concentrations, the hydrophobized particles began to form aggregates in water and even to enter the oily phase; see Fig. A3 in the Appendix.) Next, water solution of polymer and inorganic electrolyte (e.g. NaCl) was added and the dispersion was stirred by hand shaking. Last, we added the oily phase. The total volume of the working samples was 10 mL. They contained 5 wt% (0.5 g) silica particles, 10 vol% oil (e.g. 0.84 g limonene) and the rest (e.g. 8.66 g) was water solution.
Finally, to prepare the dispersion the vial was placed in an Ultrasonic Pulse
Homogenizer SKL1500 -IIDN. The sonication was conducted with a sonotrode of diameter 3.24 mm by 1 s long pulses of power output around 200 W, followed by 0.5 s off time.
Rinsing the microcapsules with water. After the sonication, the vial with the dispersion was left for 30 min at rest. During this time, the microcapsules with the oily phase, which were covered with silica particles and were heavier than water, sedimented on the bottom of the vial (Fig. 1) . After that, the water phase above the sediment was carefully removed with a syringe. This water phase contained a mixture of particles, polymer and carboxylate, which
were not adsorbed on the surface of the oil drops. Next, pure water was poured over the microcapsules and the bottle was gently shaken by hand. The sample was left for 30 min at rest. After that, the rinsing was repeated once again. The goal was to remove the excess amounts of carboxylate, polymer, NaCl, and non-adsorbed particles thus making the microscopic observations easier. We call stable microcapsules those, which survive after the described procedure of rinsing. Microscopic observations. To observe the result of sonication and rinsing, the obtained dispersions were studied by microscope. A small volume of the sediment ( Fig. 1) was taken by a pipette and a drop was placed on a microscope slide. On the top of this drop, a cover slip was placed and the sample was observed in transmitted light. We used Axioplan microscope (Zeiss, Germany), equipped with Epiplan objectives (10×, 20× and 50×) and connected to CCD camera with digital recorder. When closing the microcapsule suspension between the microscopic slide and the cover slip, the rigid capsules do not deform -they preserve their spherical shape. With some formulations, we observe less rigid microcapsules, which deform when the concentrated suspension is pressed between the slide and the cover slip (see below).
Interfacial tension measurements. The oil/water interfacial tension (IFT) was measured by a DSA 10 apparatus (Krüss GmbH, Germany) using the pendant/buoyant drop method. For various oils, the IFT was measured against both pure water and the working solution, which could contain surfactant, polymer and salt.
Adjustment of pH.
To verify whether the produced microcapsules are pH-sensitive, we carried out experiments also at acidic and basic pH values. For this goal, the rinsed samples were loaded in pH-STAT Titrando 842 (Metrohm, Switzerland) and their pH was adjusted by the addition of HCl or NaOH. During the experiment, the sample was subjected to gentle stirring with a magnetic stirrer.
Experiments with thin liquid films.
In the experiments with individual free emulsion films, the Scheludko-Exerowa (SE) cell [53] (called also the capillary cell) was used. It consists of a glass capillary of inner radius 1.5 mm with a side capillary, which is used to inject/suck-out the film phase. A detailed description of the application of SE cell for study of emulsion films can be found in Ref. [54] . In the case of aqueous films, the inner wall of the capillary is hydrophilic. Foam films are formed by filling the capillary by the investigated aqueous solution through the side capillary, with subsequent sucking-out of the liquid, which leads to the formation of a plane parallel film in the central part of the cell. Emulsion films are formed in a similar way with the main difference being that the cell is initially filled with the oil (instead of air) phase [54, 55] . The film is observed in reflected light with illumination through the objective of the microscope. Very thin films (of thickness < 30 nm) look black because of the very low intensity of the reflected light. At greater film thicknesses, the films look brighter. In monochromatic light, above the first interference maximum (at thickness > 100 nm), a series of interference minima and maxima are observed. In polychromatic light, one observes interference fringes of various colors. In our experiments, the SE cell was used to detect the presence of polymer aggregates (~100 nm in diameter) adherent to the surfactant adsorption layers at the film surfaces and arrested in the film. In the case of unstable films, the film lifetime (between the film formation and rupture) was also measured.
Experimental results on encapsulation
Here, we first report results for the effects of inorganic electrolyte, surfactant and polymer on the encapsulation. As oil phase, limonene was used in this series of experiments.
The choice of limonene was because of its applications as a dietary supplement and as a fragrance ingredient for cosmetics products. As the main fragrance of citrus peels, limonene is used in food manufacturing, in some medicines, and as a fragrance in perfumery, aftershave lotions, bath products, and other personal care products.
After establishing the optimal composition of the aqueous phase for obtaining stable microcapsules, experiments with different oil phases were carried out. Furthermore, we investigated whether the produced microcapsules, which are stable at T = 25 ºC and pH = 5.5 -6 (of the water phase used to rinse the microcapsules), are sensitive to the variation of temperature and pH.
Effect of inorganic electrolyte
When the sample consisted of silica particles dispersed in pure water and limonene, the sonication led to the formation of limonene drops that were covered with particles.
However, the produced emulsion was very unstable -even the lightest hand-shaking of the vial with the dispersion led to a visible destruction of the emulsion and release of the encapsulated oil. One possible reason for this instability could be the low surface density of particles attached to the drop surface, which are insufficient to provide steric (Pickering) stabilization.
To suppress possible electrostatic barriers to particle attachment to the oil/water interface [56] , we added inorganic electrolyte in the water phase. The concentration needed for the formation of microcapsules depends on the valence of the metal ion -higher concentrations are needed for the ions of lower valence. Thus, in the case of monovalent cations, we used 400 mM NaCl or KCl ( Fig. 2A) , whereas for Ca 2+ we used 3.7 mM CaCl 2 ( Fig. 2B ). In the case of Al 
Effect of added carboxylate
We tried to improve the stability of the microcapsules by adding carboxylate to the water phase, which contained 500 mM dissolved NaCl. Experiments with sodium laurate, potassium myristate and potassium oleate were carried out.
The carboxylate is expected to adsorb with its headgroup to the particle surface and to render the particles more hydrophobic. The increase of the particle/water/oil contact angle leads to a stronger particle attachment to the oil/water interface and is expected to produce a stabilizing effect on the formed microcapsules. The particles should not be too hydrophobic -otherwise they may aggregate in the water phase or even to enter the oil phase.
In such cases, stable microcapsules of oil in water cannot be formed. Figs. A3b and A3c in the Appendix. We recall that the particles had been initially dispersed in the aqueous phase, together with the surfactant (carboxylate), but after the oil phase was added and the dispersion was stirred by sonication, we observed that the particles had been transferred to the oil phase.
The best results from our experiments with different carboxylates at various concentrations were obtained in the presence of 3 mM KOleate in the aqueous phase. In this case, the drop coverage with particles was the highest. The microcapsules obtained in the presence of KOleate were the most stable in time in comparison with the other two carboxylates. However, upon rinsing of these microcapsules with water (as described in Section 2.2), the particles were detached from the drop surfaces and the emulsion was destroyed.
It should be noted that the contact angle (measured across water) of the original hydrophilic SiO 2 particles on the oil/water interface was θ ≈ 0. When we filled a vial in half with water and in half with oil, and putted particles in the oil phase, they sank under the action of gravity; cross the oil/water interface and entered the water phase. In contrast, as already mentioned, in the presence of 5 mM KMyristate or KOleate the particles were observed to enter the oil phase, which indicates a large contact angle, θ → π (180°). Hence, upon the rise of carboxylate concentration the particle/water/oil contact angle increases from θ ≈ 0 to θ ≈ π.
The limiting values of the normal external force, which a particle attached to the oil/water interface can withstand, are 2 2 w oil 2 sin and 2 cos 2 2
where γ is the interfacial tension; R is the particle radius; F w and F oil are the magnitudes of the pulling forces toward water and oil phases, respectively; see e.g. Ref. [57] , Eq. (4.6) therein. For normal external force of magnitude F N > F w (or F N > F oil ) the particle detaches and enters the water (oil) phase. Upon rinsing of the capsule suspension, θ→0 and the external force for detachment tends to zero as
; see Eq. (1). This can explain the capsule destruction with particle detachment from the drops under the action of viscous forces due to hydrodynamic fluxes during the rinsing with water.
At sufficiently high carboxylate concentrations (e.g. 5 mM KMyristate or KOleate), θ→π and the external force for detachment tends to zero as
This can explain the entry of the hydrophobized particles in the oil phase under the action of the strong viscous forces due to the sonication upon dispersion preparation (Figs. A3b and A3c in the Appendix). Because strong hydrodynamic forces are supposed to act during the sonication, the particles could detach even if θ is not so close to π.
Effect of added polymer
In this series of experiments, the aqueous phase contained 3 mM KOleate; 500 mM NaCl, and 0.04 wt % polymer. As before, the oil phase was limonene. The microcapsules were prepared using the procedure described in Section 2.2. All of them were rinsed twice with water of pH = 5.5 -6 to remove the excess KOleate, polymer and NaCl. The obtained results can be summarized as follows.
With Carbopol 971P, 974P and 980, the formed microcapsules were relatively monodisperse, of mean diameter 21.3 µm with standard deviation 6.1 µm obtained from the measured diameters of 500 capsules. As seen in Fig. 2E , the surfaces of the oil drops are covered with a densely packed layer of silica particles. These microcapsules were very stable upon rinsing with water ( Fig. 2F and G) or upon shaking by hand the vial with the suspension.
These are the most stable microcapsules observed in our study. Without polymer in the aqueous phase, such stable microcapsules cannot be obtained.
With PAA, stable microcapsules were formed, but their size distribution was more polydisperse as compared with those obtained with Carbopol 971P, 974P and 980 (Fig. 2H ).
The microcapsules with PAA were also stable upon rinsing with water with pH = 5.5-6.
With Jaguar S, stable microcapsules that can survive rinsing were obtained. However, with this polymer many microcapsules of irregular, elongated shape were observed. This indicates that the adsorption layer possesses surface shear elasticity, which can be explained with the formation of an elastic network from adsorbed polymer molecules. For Jaguar S and for the other used polymers, illustrative micrographs of the obtained dispersions are shown in In summary, the most stable spherical microcapsules which survive rinsing and do not break down when sandwiched between the microscope slide and the cover slip, are formed with PAA and Carbopols 971P, 974P, and 980. Jaguar S also forms stable microcapsules but their shape is non-spherical -elongated or irregular. Among the investigated Carbopols, only Carbopol ETD 2020 does not form microcapsules; this polymer was not used in our subsequent experiments. With the rest of the studied polymers, we did not observe any pronounced improving of the capsule stability in comparison with the situation without polymers. Most of the subsequent experiments were carried out with Carbopol 971P -the polymer that provides the best stability of the microcapsules.
To check the shelf stability of the produced microcapsules, one of the rinsed samples with encapsulated limonene, stabilized by Carbopol 971P, was kept in pure water of pH = 5.5
for 8 months at room temperature. After that, we found that the microcapsules are completely stable, without any visible changes; see Figs. A8 and A9 in the Appendix. In the framework of the experimental accuracy, the average diameter of the capsules was the same, 21 ± 6 µm, in the initial suspensions and after 8 months of storage. Analogous results were obtained with PAA, instead of Carbopol 971P.
We carried out also test experiments for preparation of microcapsules using the same protocol and formulation (with Carbopol 971P), but without the surfactant (KOleate). In this case, capsules were not produced at all. The particles aggregated in big lumps of irregular shape, which contained incorporated small oil drops, whereas the predominant amount of oil was separated as a layer above the water phase. This fact indicates the presence of particlepolymer interaction. In the absence of surfactant the polymer cannot stabilize the emulsion drops. However, their production and stabilization against coalescence is the first step toward microcapsule formation.
Effect of rinsing with surfactant solutions
The obtained stable microcapsules with PAA and Carbopols 971P, 974P, and 980
were subjected to physicochemical disturbances to test their stability. As before, all samples contained 5 wt% silica particles; 10 vol% limonene; 500 mM NaCl; 3 mM KOleate, and 0.04 wt% polymer. As in every encapsulation study, we are interested not only in the preparation of stable microcapsules, but also in their destruction and cargo release.
As already mentioned, the rinsing with water of pH = 5.5 -6 does not destroy the microcapsules formed in the presence of these Carbopols and PAA. When the microcapsules were subjected to a second rinse, we observed a few spots free of particles on the surface of the emulsion drops. Nevertheless, the microcapsules remained stable and the encapsulated limonene was not released in the water phase and separated as a layer at the top of water.
However, if the microcapsules were rinsed with water that contains surfactant of sufficiently high concentration, the microcapsules could be destroyed. Details are presented below.
Tween 20 and C12-SME. When rinsed with 1 mM solution of the nonionic surfactant Tween 20 or of the anionic surfactant C12-SME, the microcapsules remained intact and covered with particles. However, rinsing at a higher surfactant concentration, viz. 10 mM Tween 20 or C12-SME, led to microcapsule destruction and release of limonene. At the latter surfactant concentration, most of the particles were detached from the surfaces of the oil drops, which were observed to coalesce with one another.
SLES-1EO.
When rinsed with 0.01 mM solution of the anionic surfactant SLES-1EO, the microcapsules remained intact and covered with particles. However, rinsing of the microcapsules with 0.1 mM solution of SLES-1EO led to detachment of most of the particles from the surfaces of the oil drops. In this case, limonene was not separated -a common surfactant-stabilized emulsion was formed (instead of a particle stabilized Pickering emulsion). The results show that SLES-1EO displaces the particles from the drop surfaces and destroys the microcapsules at a hundred times lower concentration than Tween 20 and C12-SME.
Effect of pH
The composition of the initial dispersion was the same as in Section 3.4. As usual, after the microcapsules were produced, they sedimented at the bottom of the vial and the supernatant was removed. Next, the particles were rinsed with water of different pH: 3 -3.5, 5.5 -6 and 10 -10.5. The results are illustrated in Fig. 3 .
At the acidic pH, 3 -3.5, the microcapsules were stable and the drops were covered with a closely packed particle layer. Only with PAA we observed the formation of bigger and less rigid microcapsules, as compared to the case with Carbopols. At pH = 5.5 -6, the microcapsules were also stable, as demonstrated above.
The alkaline pH, 10 -10.5, destabilizes the microcapsules (Fig. 3) . The results depend on the kind of the used polymer. With Carbopol 971P, most of the microcapsules remained stable, although we observed the appearance of spots free of particles on their surfaces and separation of oil lenses on the surface of water. With Carbopol 974P, Carbopol 980 and PAA, the alkaline pH destroyed the microcapsules -we observed separation of limonene as a floating layer on the surface of water, whereas the heavier silica particles sedimented at the bottom of the vial. Emulsion drops without adsorbed particles could be seen in the bulk. We could hypothesize that the different behavior of Carbopol 971P is related to its lower molecular mass and lower degree of crosslinking as compared to Carbopol 974P and Carbopol 980; see Table A1 in the Appendix. The results indicate that these properties of Carbopol 971P diminish its desorption at pH ≈ 10, at which the electrostatic repulsion is enhanced. To detect more accurately the pH value, at which the capsule destabilization begins, we carried out titration experiments. The experiment started at pH = 2, which was adjusted by the addition of HCl to the suspension with microcapsules. Next, the pH was increased by small steps by the addition of NaOH. At that, the sample was subjected to gentle stirring with magnetic stirrer. For all studied polymers (Carbopol 971P, 974P, 980 and PAA), we observed that the microcapsules began to release limonene at pH = 6 -7.
Thus, it turns out that the produced microcapsules are pH-responsive: they are stable for pH < 6, but they can be destroyed by increasing the pH above 6.
The micrographs of the drops at pH ≈ 10 seen in Fig. 3 are taken soon after the rise of pH by the added NaOH solution. These drops do not immediately coalesce, because they are protected by the negative charge of the oil/water interface at high pH [58] . However, at pH ≈ 10 the emulsions did not possess long-time stability -the thickness of the layer of separated oil phase on the top of solution was increasing with time.
Effect of temperature
The composition of the initial dispersion was the same as in Section 3.4. As polymer, Carbopol 971P was used. The prepared dispersions were rinsed with water of pH in the three ranges denoted in Fig 3. After that, the glass vials with the samples were put for one hour in water bath of temperature 80 ºC. Finally, the dispersions were cooled down to room temperature and studied by microscope. The results, which are illustrated in Fig. A5 in the Appendix, indicate that the heating at 80 ºC does not essentially affect the stability of the studied microcapsules.
In a complementary series of experiments, the dispersions with the microcapsules were frozen (kept in a freezer overnight). Next, the samples were kept at room temperature until reaching 25 ºC. For all the three pH ranges, complete destruction of the microcapsules was observed. The freezing of water at low temperatures destroys the microcapsules.
Effect of the kind of oil
In in these experiments, the composition of the dispersion was the same as in Section In the case of sunflower oil (Fig. 4A ), microcapsules were formed, but their coverage with the silica particles was not so dense. In the case of tetradecane (Fig. 4B) , the droplets were much better covered with particles, however some empty spots in the coverage were still seen. As already reported, with limonene dense and robust shells of particles are formed; see e.g. Fig. 2E , F and G. In the case of benzyl salicylate (Fig. 4C) , two kinds of structures were simultaneously formed: (i) microcapsules resembling those with limonene, but containing small water droplets dispersed in the oily core and (ii) more rarely -water drops covered with a shell from particles and oil. Structures of the second type were also seen in the case of lilial (Fig. 4D ) but in this case the shells from particles + oil were thicker. In the case of citronellol (Fig. 4E ), robust capsules with dense particle coverage were formed like those with limonene.
The structures observed in Figs. 4C and 4D can be considered as a manifestation of one-step production of double emulsions; see the detailed review by Clegg et al. [59] . Our micrographs indicate that we are dealing with a hybrid case, in which the outer emulsion is particle-stabilized, whereas the inner emulsion is stabilized by the surfactant (+ polymer). In some of the experiments with benzyl salicylate, we added blue dye (BD) to the aqueous phase, which led to disappearance of the small water droplets inside the oil microcapsules; the latter were covered very well with particles. In the case of lilial, we observed disappearance of the water drops inside the oil ones (Fig. 4D ) when adding another dye -methylene blue (MB). These dyes (BD and MB) are water soluble and do not affect the oil/water interfacial tension. Insofar as each of them contains several aromatic rings, their effect could be attributed to an interaction with the double C=C bond of oleate (the used surfactant), analogous to the π−π stacking.
With other oily phases, viz. silicone oil; light mineral oil; oleic acid; linalool; phenoxyethanol, and benzyl alcohol, it was impossible to produce microcapsules by using the same procedure of homogenization and the same composition of the aqueous phase. In particular, under these conditions, it was impossible to disperse the silicone and mineral oils to drops covered by particles. In contrast, the oleic acid and linalool were dispersed to small emulsion drops, comparable by size with the silica particles (3-4 µm), so that core-in-shell structures could not be formed; see Fig. A6a in the Appendix. The phenoxyethanol formed bigger drops, but they were not covered with silica particles (Fig. 4F) . Finally, the benzyl alcohol formed some drop-like structures with aggregated particles around them, but most of the particles were not attached to drops; see Fig. A6b in the Appendix.
The fact that microcapsules are formed with some of the oils and are not formed with other oils can give information about the interactions and mechanism of encapsulation for the investigated system. In Table 1 , we have ordered the oils with respect to the increase of their water solubility. As seen in this We measured also the interfacial tensions of oils of zero, intermediate and high water solubility; see Table 2 . The pendant/buoyant drop method with drop-shape analysis was used.
Because the basic solution was turbid (the drop was not seen), it was diluted 10 times. 
Polymer and surfactant interactions at the interface studied by experiments with emulsion films
To get additional information about the differences between oils of different water solubility with respect to their encapsulation, we carried out experiments with oil/water/oil emulsion films by using the SE cell. system, at least three independent runs were carried out.
Water phase with polymer and salt, without surfactant
In this series of experiments, the water phase contained 0.04 wt% Carbopol 971P and 500 mM NaCl, without added surfactant. The goal was to detect indications about the polymer attachment to the oil/water interface. Some isolated round-shaped structures inside the dimple (Fig. 5C ) could be identified with polymer aggregates. They are more likely closed in the lens-shaped dimple, rather than attached to its surfaces.
The most important results from this series of experiments are that the polymer aggregates attach to the limonene/water interface, whereas they do not attach to the mineral oil/water interface -compare Figs. 5A and B. The pronounced instability of the films with linalool also indicates the lack of polymer adsorption on the linalool/water interface (Fig. 5C ).
Fig. 5.
Micrographs of oil/water/oil films in SE cell without surfactant in the aqueous phase, which contains 0.04 wt% Carbopol 971P and 500 mM NaCl. The kind of the oil phase and the mean film lifetime are denoted in the figure. For each kind of oil, the first micrograph shows the film just after its formation, whereas the second micrograph -just before its rupture. The scaling mark is 50 µm.
Water phase with polymer, salt and surfactant
In this series of experiments, the water phase contained the full formulation, viz. 0.04 wt% Carbopol 971P, 500 mM NaCl and 3 mM KOleate. The goal of these experiments is to get additional information about the surfactant-polymer interactions at the oil/water interface. The results are illustrated with micrographs in Fig. 6 , which show that in the presence of surfactant the film behavior is rather different from that in the absence of surfactant (Fig. 5) . 6 . Micrographs of oil/water/oil films in SE cell with surfactant in the aqueous phase, which contains 0.04 wt% Carbopol 971P, 500 mM NaCl and 3 mM KOleate. The kind of the oil phase and the mean film lifetime are denoted in the figure. For each kind of oil, the first micrograph shows the film just after its formation, whereas the second micrograph -just before its rupture. The scaling mark is 50 µm. Remarkably, this film is stable -it did not break during the whole period of observation, which was 20 min. For all experiments with liquid films reported in the present article, this is the only case with stable film. It is worthwhile noting that in the absence of surfactant (Fig.   5A ) and in the absence of polymer (Fig. A7a in the interaction. The most probable structure implied by the experimental observations is that the surfactant adsorbs at the oil/water interface and the polymer adsorbs on the surfactant headgroups, thus forming robust adsorption layers at the film surfaces, which stabilize the emulsion film. Fig. 6B illustrates the results in the case with limonene. The irregular interference pattern with separate round spots indicates film of uneven thickness, which contains trapped polymer aggregates. This experimental pattern could be due to competitive adsorption of surfactant and polymer at the oil/water interface. The observed pattern is dynamic, which could be explained with simultaneous film drainage and limonene dissolution in the aqueous phase. Eventually, the film breaks; its average lifetime is ≈ 2 min, which is ca. 4 times longer than in the case without surfactant (KOleate). The most important results from this series of experiments are the indications (i) for surfactant-polymer interaction (Fig. 6A); (ii) that the surfactant cannot displace the polymer from the limonene/water interface (Fig. 6B) , and (iii) that the surfactant adsorbs at the linalool/water interface and slows down the dissolution of linalool in the water.
Discussion
Here, our goal is to identify the main factors that favor the formation of stable microcapsules by analyzing the experimental results. As defined in Section 2.2, we call 'stable' the capsules, which are not destroyed after rinsing with water.
In the absence of surfactant and polymer, oil drops covered with particles can be formed ( Fig. 2A and B) , but they are destroyed by weak shaking of the vial with the suspension. This could be explained with the fact that the hydrophilic particles (with small contact angle measured across water; Fig. 7A ) are weakly attached to the drop surfaces, so that the hydrodynamic flow detaches them and destabilizes the emulsion. If surfactant is added, the formed emulsion drops are covered by adsorbed particles (Fig. 2C and D) and the respective emulsion is stable upon shaking. However, after replacing the surfactant solution with pure water, the emulsion is destabilized. This can be explained with fact that the surfactant hydrophobizes the silica particles and leads to their deeper entry at the oil/water interface (Fig. 7B) , i.e. to stronger particle attachment to the drop surfaces.
However, the rinsing with water removes the adsorbed surfactant; the particles recover their hydrophilicity and acquire the configuration in Fig. 7A , so that the microcapsules become unstable upon shaking.
In the presence of surfactant and polymer (Fig. 2E, F, G and H) , the formed capsules are stable after rinsing with water for a period of at least 8 months. This could be explained with the irreversible adsorption of polymer at the oil/water interface. The layer of irreversibly adsorbed polymer blocks desorption of surfactant from the oil/water and particle/oil interfaces.
(Otherwise, the particles would become hydrophilic and desorb in the water phase, which is not the case; see Fig. A8 in the Appendix.) Thus, the particles remain strongly attached to the drop surfaces and the spaces between them remain covered with a mixed polymer + surfactant layer (Fig. 7C) . The latter mixed layer suppresses (decelerates) also the dissolution of oil in the water phase, where the oil (e.g. limonene) exhibits a limited solubility. This is supported by the fact that in aqueous environment the microcapsules remain intact at least for 8 months.
The microcapsule stabilization model illustrated in Fig. 7C , involves energetically favorable interactions (attractive forces) between (i) particles and surfactant; (ii) surfactant and oil; (iii) polymer and oil, and (iv) polymer and surfactant; see Fig. 8 . Fig. 8 . Sketch of the interactions between the system's ingredients, which should exist in order stable microcapsules to be formed; the arrows symbolize energetically favorable (attractive) interactions. Because the silica particles are hydrophobized by an adsorption layer of surfactant molecules, the particle-oil and particle-polymer interactions are mediated by the surfactant, as schematically shown in the figure.
Indeed, the particle-surfactant interaction is crucial for the particle hydrophobization and firm attachment to the oil/water interface (Fig. 7B) . As already mentioned, the surfactant (KOleate) concentration should not be too high -otherwise, the particles become too hydrophobic and begin to aggregate and even to enter the oily phase; see Fig. A2 in the Appendix.
The surfactant-oil interaction is always important for the emulsification: the surfactant molecules adsorb much faster to the oil drops (than the colloidal particles) and prevent the coalescence of the formed drops upon the collisions between them during emulsification.
The polymer-oil interaction is crucial for the irreversible adsorption of the polymer at the oil/water interface. Otherwise, the polymer would be washed out upon rinsing and the capsules would be destroyed. The reason for the capsule destruction at alkaline pH is that the polymer (Carbopol or PAA) becomes ionized and more hydrophilic. For this reason, the rinsing with water of alkaline pH leads to polymer desorption from the oil/water interface, followed by surfactant desorption, particle hydrophilization and detachment, and coalescence of the unprotected emulsion drops.
Finally, the polymer-surfactant interactions allow retention of surfactant molecules at the oil/water interface, and more importantly -at the particle/oil interface, which ensures sufficiently large contact angle and firm particle attachment to the surfaces of the emulsion drops. This makes possible the formation of the mixed polymer-surfactant layer depicted in In the case of oils of very low water solubility (like the silicone and mineral oils) microcapsules, which are stable upon rinsing with water, were not formed (Table 1 ). This fact indicates that for the formation of stable capsules it is necessary not only the surfactant, but also (segments of) the polymer to adsorb at the oil/water interface. Thus, the polymer can anchor the mixed (polymer + surfactant) adsorption layer to the oil water interface and to prevent its desorption upon rinsing. However, in the case of water-insoluble oils the anchoring effect of polymer is missing (see Fig. 5A and the related text), so that the microcapsules are destabilized upon rinsing because the surfactant desorbs from the oil/water interface, together with the polymer. Indeed, as deduced from Fig. 6A , the surfactant mediates the polymer adsorption to the interface of insoluble oils and, consequently, the surfactant desorption triggers also polymer desorption.
The case of SFO is more special, because this oil typically contains an admixture of ca. 1% fatty acids [61] , which can favorably interact with the polymer and ensure its adsorption at the oil-water interface. This could explain the formation of stable capsules with SFO despite its extremely low water solubility (Table 1 ).
In the case of oils that exhibit considerable water solubility, like phenoxyethanol, the adsorption of polymer + surfactant at the oil/water interface is too weak (as indicated by the interfacial tension -see Table 2 ). Hence, in this case the encapsulation mechanism illustrated in Fig. 7C cannot be realized.
The oleic acid is another special case -under the same emulsification procedure it forms too small droplets, which are comparable by size with the used silica particles, so that formation of core-in-shell structures is impossible; see additional information in the Appendix.
Conclusions
Colloidosomes provide a possibility to encapsulate oily substances in water in the form of core-in-shell structures. However, if the oil exhibits a finite solubility in water, it is released in the aqueous phase through the openings between the particles of the colloidal shell.
In this study, we produced microcapsules with shell from colloidal particles, where the interparticle openings are blocked by mixed layers from polymer and surfactant (Fig. 7C) . In other words, if the particles are analogs of bricks, the layers from polymer + surfactant play the role of mortar.
For this goal, we used hydrophilic silica particles of diameter 3 -4 µm, which were partially hydrophobized by the adsorption of potassium oleate, so that they were able to stabilize Pickering emulsions. The procedure of encapsulation is simple and includes single homogenization by ultrasound. Various polymers were tested (Section 3.3). The most stable microcapsules were obtained with Carbopol® 971P. They have a mean diameter of about 20 µm and remained stable after 8 months shelf storage at room temperature. The produced microcapsules are stable when rinsed with water of pH in the range 3 -6. However, if they are dispersed in water of pH > 6, they are destabilized and release their cargo, i.e., they are pH responsive.
With the optimized formulation of silica particles, polymer, potassium oleate and NaCl, we were able to encapsulate various oils and fragrances, such as tetradecane, limonene, benzyl salicylate and citronellol. All of them have a limited solubility in water. In contrast, no stable microcapsules were obtained with oils that either have zero water solubility (mineral and silicone oil) or high water solubility (phenoxyethanol and benzyl alcohol); see Table 1 .
By analysis of results from additional interfacial-tension measurements and thin-film experiments, we concluded that a key factor for obtaining stable capsules is the irreversible adsorption of the polymer at the oil/water interface in the openings between the particles.
The role of the adsorbed polymer is not only to block the dissolution of the encapsulated oil/fragrance in the aqueous phase, but also to prevent dissolution of the surfactant molecules, which hydrophobize the particles and stabilize them at the oil/water interface. Upon rise of pH above 6, the increased negative electric charge of the polymer leads to its desorption into water. This frees the way for the hydrophobizing surfactant molecules on the particle/oil interface (Fig. 7C ) to migrate toward water. As a result, the particles recover their hydrophilicity and detach from the oil/water interface, so that the capsule is destabilized. In other words, not only the polymer, but also the surfactant, plays an important role for the pH-responsiveness of the produced microcapsules.
The obtained information about the role of various factors for the stabilization/ destabilization of microcapsules, which are based on the brick-and-mortar concept, can be further used to achieve better capsule stabilization; selection of polymers that are appropriate for different classes of oils, as well as for the production of smaller capsules stabilized by nanoparticles. The scaling mark is 20 μm. Carbopol ETD 2020 47,000 -77,000 51
In Table A1 , the viscosity ranges of Carbopol solutions (as provided by the producer) give indications for M w , whereas the zeta potentials of Carbopol aggregates in water (measured by us), give indications for the degree of crosslinking. The higher is the degree of crosslinking the lower is the magnitude of the negative zeta potential. (This is because two ionizable carboxylic groups disappear upon a crosslink formation.) Hence, from the data in Table A1 , it follows that Carbopol 971P is the polymer of the lowest molecular mass and the lowest degree of crosslinking among the used Carbopols.
The oleic acid is a special case -under the same emulsification procedure it forms too small droplets, which are comparable by size with the used silica particles, so that formation of core-in-shell structures is impossible. The reason for the formation of so small emulsion drops could be that the emulsification is accompanied with a chemical reactionsaponification of oleic acid molecules exposed to contact with water at the drop surfaces.
Indeed, the dissolved KOleate raises the pH to 8 -9, at which the oleic acid molecules undergo hydrolysis. Under these conditions, one could form core-in-shell structures with smaller particles (nanoparticles), which could be a task for a subsequent study.
